Epileptic spikes occur on the sub-second timescale and are known to involve not only epileptic foci but also large-scale distributed brain networks. There is likely to be a sequence of neural activity in multiple brain regions that occurs within the duration of a single spike, but standard electroencephalography-functional magnetic resonance imaging analyses, which use only the timing of the spikes to model the functional magnetic resonance imaging data, cannot determine the sequence of these activations. Our aim in this study is to temporally resolve these spatial activations to observe the spatiotemporal dynamics of the spike-related neural activity at a sub-second timescale. We studied eight focal epilepsy patients (age 11-42 years, six female) and used amplitude features of the electroencephalogram specific to different spike components (early and late peaks and troughs) to encode temporal information into our functional magnetic resonance imaging models. This enables us to associate each activation with a specific model of each of the spike components to infer the temporal order of these spike-related spatial activations. In seven of eight patients the distributed networks were associated with the late spike component. The focal activations were more variably coupled with time epochs, but tended to precede the distributed network effects. We also found that incorporating electroencephalogram features into the models increased sensitivity and in six patients revealed additional regions unseen in the standard analysis result. This included strong bilateral thalamus activation in two patients. We demonstrate the clinical utility of this approach in a patient who recently underwent a successful surgical resection of the region where we saw enhanced activation using electroencephalogram amplitude information specific to the early spike component. This focal cluster of activation was larger and more precisely tracked the anatomy compared to what was seen using the standard timing-based analysis. Our novel electroencephalography-functional magnetic resonance imaging data fusion approach, which utilizes information based on the single spike variability across all electroencephalogram channels, has the potential to help us better understand epileptic networks and aid in the interpretation of functional magnetic resonance imaging activation maps during treatment planning.
Introduction
Epileptic spike events occur on the sub-second timescale and appear on the EEG as positive and negative voltage deflections (peaks and troughs) relative to baseline activity. They reflect a sudden hypersynchronous firing of a large number of pyramidal neurons. Simultaneously-acquired EEG and functional MRI can identify brain regions where the blood oxygen level-dependent (BOLD) functional MRI signal significantly changes from baseline around the time of these pathological EEG events. Based on many EEG-functional MRI studies, the neuronal generators of these discharges appear to correlate closely with the seizure networks and thus assist in planning focal surgical resections designed to cure focal epilepsy (Federico et al., 2005; Benar et al., 2006; Zijlmans et al., 2007; Thornton et al., 2010; Gotman and Pittau, 2011) . Spike-associated functional MRI responses occur both at the location of the presumed driver of seizures ('the epileptic focus') and across diffuse networks that reflect 'seizure spread' from this focus (Zijlmans et al., 2007; Fahoum et al., 2012; Flanagan et al., 2014) .
The temporal resolution of the EEG and the functional MRI is mismatched. Neural activity occurs on the scale of milliseconds, while the temporal resolution of functional MRI is on the scale of seconds. On the electrophysiological time scale a large range of neuronal events and network activations can be assumed to occur during a single spike. The early sharp component of the spike is likely to have different network underpinnings from neuronal events associated with a later slow wave. Classical methods used to analyse the EEG-functional MRI do not have the temporal resolution to study this, but patient-specific information about the temporal sequence of activations will aid interpretation of the complex spike-related spatial maps to help determine targets for treatment.
From all of the rich information contained in the EEG, conventional EEG-functional MRI analysis uses only the timing of the spike events. The amplitude and distribution of individual spikes is ignored, even though it reflects underlying physiology in the region of synchronously activated cortex (the more neurons synchronously active the greater the voltage change). Indeed, it has been suggested that use of spike amplitude information can improve specificity of functional MRI activations (LeVan et al., 2010) . High spike amplitude variability may even influence the ability to detect concordant functional MRI activations, and the spatial field of individual spikes may correlate with the extent of functional MRI activations (Jä ger et al., 2015) . This suggests that both spike amplitude variability and spatial information across multiple electrodes are important features of the EEG element of EEG-functional MRI data.
The use of EEG amplitude variability and spatial information across multiple electrodes to inform functional MRI analyses has been previously described by Goldman et al. (2009) and Walz et al. (2013 Walz et al. ( , 2014 for task-related EEG events (evoked potentials) in healthy humans. The method uses linear classification of EEG activity within narrow windows of EEG data to derive temporally-specific models for the functional MRI. In the current study we apply an extension of this method to EEG-functional MRI data of spontaneously generated epileptiform events, effectively fusing simultaneously acquired EEG and functional MRI to create high temporal and high spatial resolution whole-brain images of neuronal activity. We perform independent EEG-derived functional MRI analyses for sequential narrow windows of EEG data during the spike. Our aim is to investigate the temporal and spatial dynamics of neuronal networks that are active during brief spontaneously-generated epileptiform events.
Materials and methods

Patients
We report eight patients with focal epilepsy (aged 11-42 years, six females) (Table 1 and below) being investigated for possible epilepsy surgery at the Austin Health Comprehensive Epilepsy Centre (Heidelberg, VIC, Australia). We included patients who had at least 40 interictal spike events of a single type during an hour-long scan (from 23 studied). This number was chosen based on empirical estimates related to EEG classification accuracy (described below). For patients with multiple event types, we analysed only the type with the highest frequency. The study was approved by the Austin Health Human Research Ethics Committee.
Simultaneous EEG-functional MRI data acquisition
We acquired 60 min of continuous task-free simultaneous EEG-functional MRI data from each patient using a BrainAmp MR-compatible EEG system (Brain Products). The EEG cap contained 32 Ag/AgCl electrodes positioned according to the 10-20 system (BrainCap MR, EasyCap). We acquired the data at a 5 kHz sampling rate, referenced to electrode FCz and grounded at AFz. Additional channels included echo-cardiogram and signals from three motion coils that were developed in our lab (Masterton et al., 2007) .
We used a Siemens Skyra 3 T MRI scanner (Siemens) to collect whole-brain BOLD functional MRI data, using an echoplanar imaging (EPI) sequence with 3-s repetition time at 3 Â 3 Â 3 mm spatial resolution (44 axial slices, no slice gap, echo time = 30 ms, 85 flip angle, matrix size 72 Â 72, 32-channel head coil). We also acquired a T 1 -weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) anatomical image during the same session at 1.2 Â 1.2 Â 1.2 mm resolution for purposes of image alignment.
EEG data preprocessing and epileptic event alignment
We preprocessed the EEG using BrainVision Analyzer software (version 2.0; Brain Products), including gradient artefact CPS = complex partial seizure; F = frontal; FC = fronto-central; FLE = frontal lobe epilepsy; GTCS = generalized tonic clonic seizure; PHG = parahippocampal gyrus; T = temporal; TLE = temporal lobe epilepsy; SPS = simple partial seizure.
removal by averaged subtraction method (Allen et al., 2000) , downsampling to 250 Hz, infinite impulse response (IIR) bandpass filtering from 0.5-70 Hz, head motion and ballisto-cardiogram (BCG) artefact removal via least squares regression of the motion coil signals from each EEG channel (Masterton et al., 2007) , and when necessary further reduction of BCG artefact using an independent components analysis method (Benar et al., 2003) . An expert EEG reader reviewed the EEG and marked the epileptic spikes for each patient (Table 1) . We used Matlab (version 2014b, MathWorks, Natick, MA, USA) and the EEGLAB toolbox (version 13.4.4b; Delorme and Makeig, 2004) for all EEG analyses. After re-referencing the EEG data to the common average signal, the first step was to more precisely determine the event timing. Independently for each event type, we first epoched the data from À300 to 1000 ms relative to the onsets of the events (timing as marked by the human EEG reader), subtracted the baseline (À300 to À100 ms), and plotted the mean spike at each electrode site for inspection. From these mean events we selected the EEG channel with the highest spike magnitude for the spike alignment. The mean spike at that electrode was used as a template and cross-correlated with each single event at the same electrode. The latency of peak cross-correlation for each event was used to shift the event markers in time, and then the data were re-epoched. This has the effect of millisecond alignment accuracy of the slightly variable expert mark-up, which in our pooled spike data amounted to a Gaussian spread with standard deviation 41 ms. We used Matlab to select random epochs of data that did not contain any epileptic events, with the constraint that they were at least 1 s away from the nearest spike. We used these epochs to represent background activity in the EEG discrimination step described in the following section.
Single spike event variability EEG analysis
The method utilizing the magnitude of individual spike events in the functional MRI model is illustrated in Fig. 1 (Goldman et al., 2009; Walz et al., 2013 Walz et al., , 2014 . A more detailed diagram of the EEG classification procedure is provided in Supplementary Fig. 1 .
To increase signal-to-noise ratio of the amplitude estimates and avoid investigator bias in electrode selection, we projected the multi-channel EEG data to a single dimension in a datadriven way. Specifically, we used logistic regression with leaveone-out cross-validation to discriminate the EEG during epileptic events against the background activity. This linear classifier estimates the weighting (w) of the EEG channels that maximally discriminates the data of the two conditions. Classifier input [x(t)] was the amplitude of the EEG data (including all time points within each window) across all channels within 50 ms wide time windows locked to the aligned event onsets. We ran this analysis independently for windows of EEG data spanning from À100 to 950 ms relative to spike onset, sliding the windows in 25 ms increments (i.e. 50% window overlap). We focused this study on the time windows at latencies of maximum deflection from baseline (peaks and troughs) of the spikes, determined at the electrode with highest spike magnitude. For Patients 1-4 and 8, we selected a single peak and single trough, thus investigating spike variability functional MRI coupling for two independent windows of EEG data. Patients 5-7 displayed tri-phasic spikes, so for these we used three windows of data. These narrow peak and trough periods are denoted by t 1 , t 2 , and (where applicable) t 3 on our tables and figures.
The classifier output, y(t) = w > x(t), was de-meaned, and the average y-value within each event's narrow time window (i.e. the single spike amplitude variability) was then carried forward for utilization in the functional MRI model design (described below). This single-spike value (y) is simply a weighted sum of EEG amplitudes at a particular latency (e.g. at the peak or trough of the spike), where the weighting is determined in a purely data-driven way-essentially the magnitude of the spike at a particular latency (t). We confirmed that the classifier estimated a high weighting at the electrode sites where the epileptic events were most prominent (i.e. highest magnitude) by viewing scalp projections related to these weights. Though similar, the channel weighting is specific to each EEG window as the spikes do not achieve maximal magnitude simultaneously across all electrodes (e.g. some exhibit a delayed peak relative to the electrode showing highest spike magnitude).
To further ensure these single spike values were not the result of random noise, we assessed the classifier's performance ability to classify spikes versus background activity based on the AUC (area under the receiver-operator characteristic curve). We repeated the logistic regression discrimination for each window 1000 times, randomly permuting the class labels each time. From this distribution we determined the P = 0.05 threshold specific to each patient and time window.
Functional MRI preprocessing
We used FSL software (version 5.0.7; Smith et al., 2004) to perform the following preprocessing steps: interleaved slicetiming correction, motion correction, 120 s high-pass temporal filtering, and 6-mm full-width at half-maximum Gaussian spatial smoothing.
EEG-derived functional MRI analysis
We used FSL FEAT (version 6) to fit univariate general linear models to the preprocessed BOLD functional MRI data, each including two regressors of interest (Fig. 1F ). The first regressor corresponded to the event-related average BOLD response (i.e. the standard model), consisting of narrow (100 ms wide) boxcar functions with unit amplitude at event onset. The second regressor incorporated spike variability, using boxcar functions with amplitude equal to the demeaned EEG classifier output for each event and temporally located at the EEG window centre t (i.e. aligned event onset plus EEG window shift relative to onset). These demeaned values represent the magnitude of the discharge relative to the mean spike magnitude. We convolved each regressor with the canonical doublegamma haemodynamic response function, and we included the regressors' temporal derivatives and six motion parameters as nuisance regressors in the model.
We calculated both positive and negative sum contrasts of the two regressor fits (i.e. the standard timing-only regressor plus the modulatory spike-magnitude regressor) for final interpretation as we aimed to detect areas that were not only activated during the spikes but also coupled with them. (Given the regressors [X standard X EEG X confound1 X confound2 . . . ], the contrasts were set up as [ + 1 + 1 0 0 . . . ] for positive BOLD and [À1 À1 0 0 . . .] for negative BOLD.) When compared to the standard model fit, our final maps show regions where positive BOLD responses are stronger with higher spike magnitude and negative BOLD responses (i.e. deactivations) are stronger (i.e. more negative) with higher spike magnitude. Although it was not the focus of this study, to aid our conclusions we also viewed statistical maps corresponding to the spike-magnitude regressor only (i.e. contrasts [0 1 0 0 . . .] and [0 À1 0 0 . . .]), which is orthogonal to the standard timingbased regressor. We referred to these maps to be sure that our EEG-derived regressors were explaining a high amount of the variance that could not be explained using the standard model.
We also ran the standard general linear model analysis for comparison. All resulting statistical maps were grey matter masked, thresholded at a per-voxel z 4 2.3, and family wise error cluster-corrected at P 5 0.05 (Worsley, 2013) . Finally, the corrected results and anatomical images were registered to the standard MNI template brain. Table 2 shows EEG classifier performance for each of the patients' selected EEG windows (i.e. peaks and troughs of the spikes), along with key findings that emerged from the spike variability functional MRI analysis as compared to the standard analysis. For all patients, the linear classifier was able to discriminate spikes from background EEG activity with accuracy exceeding our P 5 0.05 threshold for all selected spike component latencies. As expected, the standard functional MRI analyses showed local activations in areas of suspected epileptic foci plus engagement of broader networks. Figure 2 shows results of the standard and spike variability analyses for Patients 1-4 (who had biphasic spikes), and Fig. 3 shows results for Patients 5-7 (who had tri-phasic spikes). Figure 4 shows results for Patient 8 (who had bi-phasic spikes), whose case provided clinical validation and a demonstration of clinical utility. For each patient, the mean spike at the electrode with the largest deflection from baseline is displayed above the functional MRI statistical maps, and the corresponding EEG window latencies are denoted with orange points on these traces. Statistical maps corresponding to the demeaned spike magnitude regressor fit (i.e. fit to residual variance after the standard model fit) are provided in Supplementary Figs 2-9 . These figures also show the differences in functional MRI spike coupling between the early and late spike components for each of the patients.
Results
Patient 1
Patient 1 was a 42-year-old female whose seizures began at age 7 with déjà vu. In adulthood typical seizures started with fear and facial twitching. She had one tonic clonic post-partum seizure. MRI shows bilateral infrasylvian peri-ventricular nodular heterotopia, with a relatively large lesion adjacent to the ventricle in the left temporal lobe. Interictal epileptiform abnormality was maximal at T3, and a left temporal seizure was recorded on video EEG.
During the MRI we recorded 444 left temporal spikes, most prominent at T7. The standard functional MRI analysis of these spikes showed BOLD decrease in the left temporal lobe and widespread bilateral BOLD increases (Fig. 2 , P1 green box) as well as positive BOLD changes that were strongest in the anterior cingulate and bilateral insula (left greater than right) but also seen in frontal and temporal (right greater than left) lobes (Fig. 2, P1 green box). Using our spike variability informed analysis to provide high temporal resolution images, we showed that the later positive spike component also activated anterior cingulate and insular regions (Fig. 2, P1 orange box, t 2 column). The late component of the spike also showed increases in bilateral thalamus (Fig. 2, P1 yellow arrow) , which could not be seen in the standard analysis.
Patient 2
Patient 2 is an 11-year-old female with left parahippocampal dysplasia and recent seizure onset. She has non-convulsive focal seizures with behavioural arrest and loss of awareness, and one bilaterally convulsive seizure. She had frequent bifrontal 3 Hz slowing and occasional sharp components, both with a left-sided emphasis.
We recorded 226 bilaterally synchronous slow spike wave events during the scan, as well as paroxysmal fast activity, left sharp slow events, and one typical focal seizure with impaired awareness. The standard analysis of the interictal events showed widespread BOLD decreases that were strongest in the supplementary motor area, cingulate, and ipsilateral insula (Fig. 2, P2 green box) . The temporally super-resolved spike variability analysis also showed these areas, as well as the bilateral thalamus (Fig. 2, P2 yellow arrow) and a cluster in the ipsilateral dorsal frontal lobe that was concordant with her electroclinical focus and not seen in the standard analysis (Fig. 2, P2 orange box, t 1 column). We also saw a midline posterior grey matter cluster consistent with her dysplasia in the left posterior parahippocampal gyrus. Seizures became well-controlled with 200 mg/day carbamazepine.
Patient 3
Patient 3 is a 29-year-old female. Seizure onset was at age 16 with focal seizures consisting of a rising abdominal feeling, at times associated with speech arrest, and often rapidly generalizing. EEG shows epileptiform abnormality in the left mid-temporal region, including high amplitude sharp discharges with maxima at the T3 and T5 electrodes and a lower amplitude discharges with maxima at T1 and F7. Seizures showed variable localization on surface EEG. MRI showed only a Chiari 1 malformation. PET showed left temporal hypo-metabolism supported by ictal SPECT (single photon emission computed tomography) showing left temporal hyperperfusion. In the MRI we recorded 587 left temporal sharp events that were most prominent at T7, as well as left temporal slow and spike events. The standard analysis showed a clear left hippocampal positive activation and a small area on the lateral temporal surface (Fig. 2, P3 green box). Negative activations appeared in bilateral temporal regions and were particularly broad on the right. The spike variability analysis for the early component revealed an additional positive ipsilateral temporal activation that could not be seen with the standard analysis (Fig. 2, P3 red arrow). The late component showed additional medial posterior regions; it also revealed small positive clusters in the thalamus, including near the anterior nuclei (Fig. 2, P3 orange box, t 2 column).
Patient 4
Patient 4 is a 41-year-old female with seizures onset at 16. Her aura is a crawling feeling in her right hand followed by a sensation in her shoulder that travels down to her hand. Seizures typically generalize. Her EEG shows left posterior quadrant events that could not be more precisely localized despite EEG video monitoring. Ictal SPECT suggested hyperperfusion in the left temporal pole. MRI shows possible double cortex mesial to the occipital horn of the lateral ventricle. Her seizures were not more precisely localized and multifocal epilepsy was considered possible.
We recorded 235 broad slow waves on her in-scanner EEG as well as left temporal sharp waves. The standard functional MRI analysis of the broad slow waves showed a widespread pattern of deactivation throughout the primary auditory, visual, and motor sensory cortices (Fig. 2, P4 green box) and these regions were all associated with the late component of the spikes (Fig. 2, P4 orange box, t 2 column). Positive BOLD responses were associated with the early spike component in many ipsilateral regions including the temporal pole, insula, and hippocampus spreading into the parahippocampus, none of which were visible in the standard result (Fig. 2, P4 red arrow) . Figure 2 Results of standard analysis (green box) and spike amplitude coupling analyses (orange box) for four patients whose spikes displayed distinct positive and negative components. The mean spike at the electrode with highest spike magnitude is displayed (1.3 s shown), where the two temporal periods of the analyses (t 1 and t 2 , corresponding to the two columns of brains) are marked with orange points. In Patients 1 and 2 (P1 and P2), all activated networks of the standard result couple strongly with a single time period and additionally reveal bilateral thalamic coupling (yellow arrows) not seen in the standard result. In Patients 3 (P3) and 4 (P4), the spike coupling analysis reveals ipsilateral regions undetectable using the standard method (red arrows). Statistical maps are shown scaled from z = 2.3 to 6, cluster corrected at P 5 0.05, with positive activations in red-yellow and negative in blue.
Patient 5
Patient 5 is a 40-year-old female with frontal lobe epilepsy who had febrile seizures at 3 months and then focal and generalized tonic-clonic seizures from the age of 12. On MRI she has dysplasia of the bottom-of-sulcus type in the right superior frontal sulcus close to the midline (Harvey et al., 2015) . PET hypometabolism and ictal SPECT hyperperfusion was abnormal in the frontal lobe. Intracranial implantation showed seizure activity in both frontal and lateral temporal lobes without clear localization of seizure onset.
In the EEG recorded in the MRI there were 45 right frontal sharp slow events, most prominent at F4. The standard functional MRI results of the right frontal sharp slow events surprisingly showed strong activation in the right superior and middle temporal gyri, with much smaller ipsilateral frontal and insula activations (Fig. 3, P5 green box) . This patient's spikes (as well as those of Patients 6 and 7) appeared triphasic (see spike traces at the top of each panel in Fig. 3 ), so we ran the spike variability analyses for these three EEG time windows. The standard analysis results were most similar to our third spike component analysis results (in Fig. 3, P5 , compare green box to t 3 column in orange box), but our analysis of this third component revealed additional activations in bilateral anterior insula and the anterior cingulate (Fig. 3, P5 orange box, t 3 column).
Patient 6
Patient 6 is a 41-year-old male with focal seizures since age 10, who also has a significant verbal memory deficit, dysnomia, and dyslexia. His MRI shows tuberous sclerosis with left temporal lobe seizures and left hippocampal sclerosis. Tubers in his left hemisphere were multiple in the temporal lobe, one large one in the left parietal region, and one the left anterior cingulate. PET shows hypometabolism in the left temporal lobe and in all tubers. Ictal SPECT shows striking left temporal hyperperfusion with no involvement of other tubers. Clinical EEG shows an active left temporal inter-ictal epileptiform abnormality.
During functional MRI, we recorded 154 left temporal spikes maximal at T7, for which the standard functional MRI analysis showed a clear activation in the junction between the left orbito-frontal and medial temporal cortex. There were also smaller activations in contralateral posterior regions and deactivations in the posterior cingulate and ipsilateral association cortices (Fig. 3, P6 green box) . The contralateral posterior activations and some of the ipsilateral deactivations of the standard analysis could not be seen in the spike variability analysis.
Patient 7
Patient 7 is a 41-year-old male with focal seizures since age 16 with déjà vu and nausea. Right hippocampal sclerosis was present on his preoperative scan and he was studied 6 years after right temporal lobectomy. Seizures now consist of right arm dystonia and ongoing automatisms of the left hand suggesting a left hemispheric origin. Clinical EEG shows interictal bitemporal discharges with irregular high amplitude sharp slow complexes seen in the right posterior temporal region and diffusely over the left temporal lobe. PET shows cortical hypometabolism in the residual right temporal lobe and increased metabolism in the left temporal pole. Ictal SPECT shows hyperperfusion of both the right frontal insular area and posterior temporal area. Figure 3 Results of standard analysis (green box) and spike amplitude coupling analyses (orange box) for the three patients whose spikes displayed as tri-phasic. The mean spike at the electrode with highest spike magnitude is displayed (1.3 s shown) , where the three temporal periods of the analyses (t 1 , t 2 , and t 3 , corresponding to the three columns of brains) are marked with orange points. In Patients 5 and 6 (P5 and P6), the primary epileptic focus grows in strength and extent with time (white arrows). In Patient 7 (P7), our methods appear to temporally tease apart the positively and negatively activated networks of the standard analysis. Statistical maps are shown scaled from z = 2.3 to 6, cluster corrected at P 5 0.05, with positive activations in red-yellow and negative in blue.
The patient's EEG during his functional MRI acquisition showed 314 left temporal sharp events at T7 and a smaller number of left slow and left central sharp events. The standard analysis of the left temporal sharp events showed diffuse activations and deactivations, with a left posterior quadrant emphasis (Fig. 3, P7 green box) . Some of these activations and deactivations were reduced in the spike variability analyses, but the positive and negative BOLD activations were separated in time. Regions with BOLD increases in the standard analysis were more associated with the early and middle spike components, whereas the posterior regions of BOLD decrease were associated with the latest component (Fig. 3, P7 orange box).
Patient 8
Patient 8 was a 27-year-old female whose seizures began at age 8. Typical seizures were weekly focal seizures with impaired consciousness, characterized by blurry vision, sometimes complete loss of vision and associated with an epigastric sensation and occasionally a sour smell. Clinically this suggested occipital and temporal lobe features. Anatomical MRI showed no lesion. EEG studies showed focal T6 spikes. Ictal SPECT and PET showed regional right posterior hypo-metabolism and standard EEGfunctional MRI showed a highly focal area consistent with other findings. Intracranial subdural electrodes confirmed this as the site of seizure origin. Initial neurosurgery resected the anterior portion of this area without seizure freedom. After re-investigation (including further EEGfunctional MRI confirmation) subsequent surgery with electrocorticography showed active spikes posterior and medial to the initial resection. Following resection of this additional area, she is now 2-months seizure-free.
During the functional MRI that followed the initial resection, we recorded 43 right temporal spikes, most prominent at T8. The standard functional MRI analysis of these spikes showed a cluster of BOLD increase immediately posterior to the previously resected area (Fig. 4, P8 green box) . In our spike magnitude analysis, the positive activation in the focal region was larger and better tracked the anatomy (Fig. 4, P8 orange box, purple arrow). In statistical terms, the cluster P-value increased from P = 0.0215 with the standard model to P = 0.0005 with the spike variability analysis. We also saw a cluster of BOLD decrease in the posterior cingulate and smaller clusters distributed across posterior regions, including the cerebellum. These negative activations were coupled with the late component of the spike and could not be seen in the standard analysis results.
Discussion
In this paper we present a novel approach to investigate the temporal order of spike-related functional MRI activations across the whole brain, using high temporal resolution Figure 4 Results of standard analysis (green box) and spike amplitude coupling analyses (orange box) for Patient 8. Left: The mean spike at the electrode with highest spike magnitude is displayed (1.3 s shown), where the two temporal periods of the analyses (t 1 and t 2 , corresponding to the two columns of brains) are marked with orange points. The cluster of positive BOLD activation posterior to the previous resection (purple arrow), which better tracked the anatomy when spike magnitude was modelled, was confirmed to be the spike origin using intracranial recordings. This area was subsequently resected and the patient is now seizure-free. Statistical maps were thresholded at z 4 2.3 then cluster corrected at P 5 0.05, with positive activations in red-yellow and negative in blue. Right: Uncorrected results in the focal region for the standard and spike variability analyses, displayed for the axial slices immediately above and below that shown in the left panel, with a per-voxel threshold of z 4 2.57 (P 5 0.005).
information from the EEG in our models. We demonstrate the clinical benefit of using EEG spike amplitude variability in the functional MRI model in Patient 8, who recently underwent successful surgical resection of the focal area that was enhanced by our method. We show that incorporating the EEG spike amplitude variability into the functional MRI model enhances activations at epileptic foci and reveals the sequence in which brain activation occurs during the spikes. It also reveals regional activations that were not detected using standard analysis methods. Our observations provide evidence suggesting that spike events often involve seizure foci early and subsequently engage wider networks. This may represent the engagement of networks that react to or actively modulate epileptiform activity. Identifying this spatiotemporal progression in focal spike-related whole brain activity may allow the neuronal activity that underlies epileptic networks to be better understood, including more precise localization of the origin of the epileptogenic focus.
EEG-functional MRI data fusion
Simultaneous EEG-functional MRI allows the timing of internally-generated pathological neural events to be determined and linked to functional MRI changes across the whole brain at 2-3 mm spatial resolution. While the use of the standard general linear model has been invaluable for localizing both focal and diffuse epileptic networks, it cannot provide information about rapid (millisecond scale) changes in epileptic networks. Due to the low sampling rate of the functional MRI signal (normally 2-3 s) and the intrinsically slow nature of the haemodynamic response, the sequence of activation during epileptic spikes cannot normally be resolved. Rapidly evolving abnormal neural activity is a hallmark of epilepsy, so analysis techniques that can resolve epileptic networks with high time resolution are long overdue.
In the current study, we studied the spontaneous and internally-generated pathological spikes that occur in patients with focal epilepsy. We determined brain regions where the functional MRI responses most strongly coupled with the magnitudes of individual spikes. We ran our analysis independently for sliding EEG windows spanning the durations of the spikes (Supplementary Videos). We focused the current study on the question of whether the same brain regions are continuously active during the whole duration of the spike, or whether there is a sequence of different brain regions associated with different parts of the epileptiform events (i.e. early and late components of the spike associated with maximal positive and negative EEG potentials, or in other words the peaks and troughs of these discharges). Since the models were fit with a fixed haemodynamic response function, the high temporal resolution of this method comes from the variability of EEG amplitude at the times of these different spike epochs. In this way, we use the EEG to encode temporal information into our functional MRI models. Importantly, most of the statistical power in our activation maps is attained via the standard timing-based regression; inclusion of the single spike variability in the contrast modulates the strength of these functional MRI activations independently for each of the different spike periods being analysed. Thus, using timing (with amplitude information) from the EEG and spatial localization from the functional MRI we can gain insight about the spatiotemporal dynamics of spike networks.
Spike variability increases sensitivity for detecting patient-specific epilepsy networks
In six of the eight patients (Patients 1-5 and 8), the spike variability analysis showed additional functional MRI correlates that could not be seen in results of the standard analysis (Fig. 2) . This included strong bilateral thalamic functional MRI responses in Patients 1 and 2 (Fig. 2 , yellow arrows). In Patient 3 we detected smaller responses in thalamic regions, including near the anterior nucleus. The thalamus, particularly the anterior nucleus, is a common deep brain stimulation target for refractory focal epilepsy (Lega et al., 2010; Laxpati et al., 2014) although mood disorders are a common side effect (Fisher et al., 2010; Sprengers et al., 2014) . Deep brain stimulation devices for epilepsy are a promising new treatment modality, but identifying appropriate targets for stimulation is a critical current issue; patient-specific alternatives to the anterior thalamic nuclei might be identified by our approach and result in fewer side effects (Morrell and Group RNSSiES, 2011) . In two patients whose clinical evidence as a whole suggested multiple seizure foci (Patients 3 and 4), the temporally resolved spike variability functional MRI analysis revealed positive activations in areas ipsilateral to the presumed foci, which were associated with the early spike component and spatially concordant with clinical evidence.
Focal activations often lead to engagement of distant networks
In all eight patients, the majority of functional MRI activations coupled differently with early and late components of the spikes. This temporally-specific coupling was especially obvious in Patient 7, where the activated and deactivated networks were pulled apart in time; areas of positive functional MRI responses coupled with the early and middle spike components, and areas with negative functional MRI responses coupled with the late spike component (Fig. 3) . This patient's foci were especially difficult to localize, but if our positive left posterior activations are presumed to be seizure foci as the clinical evidence suggests, the results show this local activity appearing earlier than the wider network engagement.
The idea that focal activations lead the engagement of distant networks is supported more clearly by the results of four other patients (Patients 1, 3, 4, 8) . Patients 3 and 4 showed left temporal lobe focal activations mainly coupled with the early component, and widespread bilateral and contralateral deactivations that coupled strongly with the late component (Fig. 2, P3 and P4 orange boxes). We observed a similar, though more subtle effect in Patient 1; a focal deactivation in the left temporal lobe showed slightly stronger coupling with the early spike component, whereas nearly all other activations, including many widespread networks and distant regions, were coupled more strongly with the late component (Fig. 2, P1 orange box) . In Patient 8 (Fig. 4, P8 orange box) , the focal region was enhanced in our early component analysis compared to the standard analysis result, and distant regions such as the posterior cingulate were seen to couple with the later component. LeVan et al. (2010) found that using spike amplitude increased specificity of focal activations. Their study investigated only the peak negativity (early component) of the spikes and, using an independent component analysis on the functional MRI data, found that BOLD functional MRI responses in the patients' focal regions coupled strongly with spike amplitude (whereas distant networks did not). Here we see that the distant networks are more strongly related to the late components of the spikes (except for the case of Patient 2), and we find that the focal regions' temporal specificity is variable but, at least in our patients, often leads to the activation of distributed networks. If this is generally true, then the differential coupling could help to localize the primary foci when planning surgical resections in complex cases.
There are two broad possibilities regarding the role of diffuse networks in focal spikes: specific network states could be permissive of spikes, or focal spike-related activity could be triggering changes across diffuse networks. The temporal ordering of engagement that we observed in our patients argues against the idea that altered brain states are enabling focal spikes to occur and instead supports the hypothesis that focal spikes recruit distant networks. Brief spike-related activation of diffuse networks would presumably interrupt normal cognitive function, explaining the association between spikes and transient cognitive impairments (Aarts et al., 1984; Binnie et al., 1987; Krauss et al., 1997; Kleen et al., 2013) , wherein specific cognitive symptoms likely depend on the particular networks involved (Kleen et al., 2013) . Since the cognitive and behavioural symptoms commonly seen in epilepsy patients may be even more intrusive than seizures (Wilson et al., 2014) , an understanding of the underlying causes would lead to better treatments for these deficits and could dramatically improve quality of life.
Clinical utility
Following EEG-functional MRI data acquisition, Patient 8 underwent intracranial electrode implantation that confirmed that the location of the epileptogenic tissue matched the region seen in our EEG-functional MRI result. This localization was also concordant with regional PET and SPECT changes, but functional MRI provides much higher precision. In fact, functional MRI data offer the most precise localization even compared to the intracranial electrode array, which had 0.5 cm spacing. For surgery, precise localization is key to a successful outcome, and we believe including spike variability in the functional MRI model can improve precision beyond the standard analysis; this is suggested by the focal activation's close tracking of the anatomy in our analysis compared to the standard analysis result (Fig. 4, purple box) . Further, in complex cases where the activation maps reveal extensive distributed networks, the ability to temporally sequence these functional MRI activations will aid the interpretation of spatial maps while determining targets for treatment. For example, areas that are linked to early spike components are more likely to be regions where spikes and seizures originate.
Limitations and extensions
A limitation of the current technique is that a relatively high number of spikes is required for successful EEG discrimination ($40 from empirical estimates when limiting analysis to peaks and troughs, or 45 when using sliding windows spanning the entire spike duration). This limits us to patients with high spike frequency or where medications are reduced such as during video EEG monitoring. In patient data containing fewer spikes, it is possible to circumvent the discrimination step and instead derive amplitude variability from a single selected electrode or independent component, but here we preferred to minimize investigator bias through a purely data-driven approach. Further, because the sliding window EEG classifier method finds the most discriminating weighting on the electrodes independently for each window latency, we can obtain physiologically meaningful information even at latencies when the amplitude at a single electrode or independent component is not discriminable from the background EEG activity. This windowed approach paves the way for understanding causal interactions between distinct regions within focal and diffuse epileptic networks.
This amplitude-based analysis also requires that all epileptic discharges of the same type have a characteristic shape and temporal scale. In certain cases of epilepsy that don't meet this requirement, EEG power features may be more robust in characterizing the events, and this method could be extended to include frequency domain features (e.g. via Fourier or wavelet decomposition) instead of amplitude. This would be particularly applicable in the discharges of generalized epilepsies with stereotyped frequency bursts.
The method we describe here obtains its temporal information from the EEG and not from the functional MRI. Our functional MRI models assume a canonical haemodynamic response function. While this is a common assumption in functional MRI studies and simplifies the analysis, focal epileptic spikes may show a non-canonical haemodynamic response function (Masterton et al., 2010) . Future studies could extend these methods to assume a non-canonical haemodynamic response function basis set. Comparing the temporal ordering that the spike amplitude variability analysis provides could then account for possible regional differences in haemodynamic responses. This will be possible with faster sampling of the functional MRI data (e.g. using multi-band or spiral acquisition) that can better represent the shape of the haemodynamic response.
